Abstract Respiratory activities are produced by medullary respiratory rhythm generators and are modulated from various sites in the lower brainstem, and which are then output as motor activities through premotor efferent networks in the brainstem and spinal cord. Over the past few decades, new knowledge has been accumulated on the anatomical and physiological mechanisms underlying the generation and regulation of respiratory rhythm. In this review, we focus on the recent findings and attempt to elucidate the anatomical and functional mechanisms underlying respiratory control in the lower brainstem and spinal cord.
Introduction
Respiration is crucial for animal survival. In the last 10 years, the cytoarchitecture of the respiratory control center has been analyzed at the single-cell and genetic levels. The respiratory center is located in the medulla oblongata and is involved in the minute-to-minute control of breathing. Unlike the cardiac system, respiratory rhythm is not produced by a homogeneous population of pacemaker cells. Rather, it can be explained with two oscillators: the parafacial respiratory group (pFRG; Sect. 1) and the preBötzinger complex (preBötC, inspiratory pacemaker population; Sects. 2, 3). The inspiratory and expiratory activities produced in these medullary respiratory rhythm generators are modulated from various sites of the lower brainstem, including the pons (see Sect. 6) and Bötzinger complex, and are then output as motoneuron activities through the efferent networks in the brainstem and spinal cord (see Sects. 2 to 5). Different types of preparations, mainly from mice and rats, have been used to analyze Electronic supplementary material The online version of this article (doi:10.1007/s12576-016-0475-y) contains supplementary material, which is available to authorized users. respiratory rhythm and pattern generation, including: medullary slice preparation in vitro (newborn or juvenile), en bloc brainstem-spinal cord preparation (newborn), decerebrated and arterially perfused preparation in situ (newborn and juvenile) and in vivo preparation (all ages). The normal respiratory motor pattern basically consists of three or four phases: pre-inspiratory, inspiratory, post-inspiratory, and late-expiratory. However, the motor output patterns in the different experimental models often display variation and the variations have caused some controversies in the field. In the last decades, new knowledge has been accumulated on the anatomical and physiological mechanisms underlying respiratory rhythm generation and regulation. In this review, we focus on these recent findings and correlate the information on the anatomical and functional mechanisms that are involved in respiratory control in the lower brainstem and spinal cord. We also introduce a novel rat line that is useful for future analyses of respiratory neural networks in vivo and in vitro. This article consists of six sections that were written by individual researchers. The focus of the sections and their respective authors are as follows: Sect. 1, the pFRG (K. Ikeda, K. Kawakami and H. Onimaru); Sect. 2, the anatomy of the preBötC (Y. Okada and S. Yokota); Sect. 3, the physiology of the preBötC (N. Koshiya); Sect. 4, the cervical circuits (Y. Oku); Sect. 5, the spinal cord (M. Iizuka); and Sect. 6, the pons (H. Onimaru and H. Koizumi).
Section 1: Identification of the pFRG in the respiratory rhythm generator neuron complex using a novel transgenic rat line harboring Phox2b-EYFP BAC (K. Ikeda, K.
Kawakami & H. Onimaru)
The pFRG has been named based on its position relative to the facial nucleus. It is located ventral and caudal to the facial nucleus, and predominantly consists of neurons that burst prior to inspiration [pre-inspiratory (Pre-I) neurons] [1] . The pFRG at least partially (the ventral and medial parts) overlaps the retrotrapezoid nucleus (RTN), which has been identified as an area in which neurons with projections to the ventral respiratory group (VRG) originate [2, 3] . Thus, this region is also referred to as the pFRG/RTN. The caudal portion of the pFRG overlaps the most rostral portion of the ventral respiratory group (the Bötzinger complex), which is the ventral part of the retrofacial nucleus near the caudal end of the facial nucleus [4] and is thought to play an important role in the respiratory rhythm generation, particularly of the adult in vivo preparation [5, 6] . This caudal portion of the pFRG corresponds to so-called rostral ventrolateral medulla (RVL) [7] [8] [9] , where most Pre-I, inspiratory, and expiratory neurons have been recorded in previous electrophysiological studies.
The paired-like homeobox 2b gene (Phox2b) encodes the Phox2b transcription factor and is required for the development of a subset of cranial nerves and the lower brainstem nuclei in the central nervous system and the peripheral autonomic nervous system. The distribution of pFRG-Pre-I neurons overlaps with that of Phox2b-expressing cells (Figs. 1, 2 ) [10] [11] [12] . It is of note that pFRGPre-I neurons in the deeper ventral medulla at the caudal area are Phox2b-negative [10] .
Generally, the mouse fetal embryonic parafacial group (e-PF [13] ), the rat perinatal pFRG/RTN, and the adult animal RTN [2, 14] are considered to be identical/corresponding populations of neurons in the different developmental stages of rodents. Indeed, the distribution and characteristics of Phox2b-expressing cells in the parafacial region of the neonatal rat are basically similar to those in the adult rat [15, 16] and the neonatal mouse [17] . However, it is also possible that they are a discrete neuronal group that plays distinctive roles in respiratory rhythm generation during development [18] [19] [20] .
In experiments using neonatal rat brainstem (medulla)-spinal cord preparations, the Pre-I neurons, from which the pFRG/RTN is composed, were found to be a superior rhythm generator. It was hypothesized that they trigger inspiratory burst generation [21, 22] and contribute to the production of expiratory activity [23] . The pFRG/RTN functions as a chemo-sensing center that detects environmental pCO 2 . In a series of articles, we reported that Pre-I neurons, which are the predominant neurons in the pFRG/RTN of neonatal rats, express a paired-like homeobox 2b gene (Phox2b), and that they are intrinsically CO 2 -sensitive [10, [24] [25] [26] . PHOX2B mutations have been described in most human cases of central congenital hypoventilation syndrome [27] . Thus, the detection of Phox2b expression in Pre-I neurons is an exciting finding because it enables us to obtain the prospect of identifying the molecules that are responsible for detecting environmental changes in pCO 2 . In contrast, the neurons of the pre-Bötzinger complex (preBötC) that locates just ventral to ambiguus nucleus (Amb) do not express Phox2b (Fig. 3d) .
We recently reported the generation and analyses of a novel transgenic (Tg) rat line [28] . The Tg rat harbors a mouse bacterial artificial chromosome (BAC) carrying a Phox2b that was modified to drive enhanced yellow fluorescent protein (EYFP) and Cre recombinase-ER T2 (estrogen receptor T2). The Tg line shows a similar pattern of EYFP expression to that of the endogenous Phox2b in rats. Consistent with previous reports on Phox2b protein expression in rodents, the EYFP signals were mostly found in the ponto-medullary region. In the pons, the EYFPpositive neurons were found in the supratrigeminal nucleus (Su5), where they dorsally capped the motor nucleus of the trigeminal nerve (5M) (Fig. 3a, b) . The 5M was negative for EFYP (Fig. 3b) . In the medulla oblongata, EYFP-positive signals were abundant in both the spinal trigeminal nucleus (Sp5) and the pFRG/RTN (Fig. 3c) . The facial motor nucleus (FN) was relatively weak and sparsely positive (Fig. 3c) . The weak expression in the body of the facial nucleus has also been reported in human fetuses at 19 weeks of gestation [29] . In humans, the expression of PHOX2B in the facial nucleus disappears at later stages of gestation [15, 29] . We also observed that EYFP signals in the facial nucleus became negative over time during infancy (Ikeda and Onimaru, data not shown). In addition to the above distribution, the EYFP-positive cells are also abundant in the dorsal vagal complex, which is composed of the nucleus of the solitary tract (nTS), the dorsal motor nucleus of the vagus (dmnX), and the area postrema (AP) (Fig. 3d, e) . The nucleus ambiguus (Amb) was also EYFPpositive (Fig. 3d) . Interestingly, EYFP-positive cells could not be detected in the hypoglossal nucleus (Fig. 3e, 12N ). The reticular nucleus (Rt) was sparsely positive for EYFP (Fig. 3c, e) . We also observed EYFP-positive signals (fibers or axon terminals) through the rostro-caudal column of the ventral medulla including the preBötC and the ventral respiratory group (Fig. 1c-e The red square denotes the area of the optical recording. e Nissl staining of the rostral cut surface after the experiment. Note that the photo clearly indicates the facial nucleus (FN) and the ventral cell cluster corresponding to the parafacial respiratory group (pFRG). Note that the optical records show the neuronal activity preceding the inspiratory activity by 500-600 ms in the area ventral to the facial nucleus (i.e., the rostral part of the pFRG). The activity reached its peak immediately before the peak of C4 inspiratory activity and then decreased slightly during the inspiratory phase. After the inspiratory period, the activity continued for 2-3 s during the post-inspiratory phase consists of rostral ( Fig. 3f) and caudal ( Fig. 3c) parts [10] . The cells in the rostral pFRG/RTN contain a cluster of very superficially located neurons on the ventral side of the medulla, some of which are glutamatergic [11, 16] . Consistent with our previous reports in which we noted that CO 2 -sensitive Pre-I neurons in the rostral pFRG/RTN are Phox2b-positive [26] , all of the CO 2 -sensitive Pre-I neurons in the rostral pFRG/RTN that have thus far been examined in this region have been EYFP-positive [28] (data not shown). In sum, EFYP-positive signals in this rat line mirror the endogenous Phox2b expression in the neonatal stage. Further studies to uncover the physiology of Pre-I neurons and the pFRG/RTN both in vitro and in vivo are now under investigation; e.g., for tracking the function and sole rhythmogenecity of the pFRG/RTN during the embryonic, perinatal, and adult stages of development and for the identification of the CO 2 sensor molecules in the cells of pFRG/RTN through the use of fluorescence as a mark of the Pre-I neuron and of specific expression of Cre recombinase in the Pre-I neuron. The anatomical localization of the preBötC Basic respiratory rhythm is generated in the respiratory neuron network of the lower brainstem. In 1991, a region that is critically important for inspiratory burst generation was found within the ventral respiratory column/ventral respiratory group (VRG). This was named the pre-Böt-zinger complex (preBötC) [30] (see Sect. 3). The preBötC is a small region that is bilaterally located in the reticular formation of the ventrolateral medulla. Along the rostrocaudal axis, it occupies a limited portion within the VRG (between the caudal end of the Bötzinger complex and the rostral end of the rostral VRG) [30] [31] [32] . Ventro-dorsally, it is located at a few micrometers beneath the ventral medullary surface, just ventral to the nucleus ambiguus [31, 32] (Fig. 4) . Although the anatomy and function of the preBötC has mainly been studied in rodents, it has [28] from the rostral to the caudal region. In all of the micrographs, the upper side is the dorsal side. The experimental procedures are described by Ikeda et al. [28] . The experiments were performed in neonatal transgenic rats (P0-03). Su5 supratrigeminal nucleus, mlf medial longitudinal fasciculus, Py pyramidal tract, 5M motor trigeminal nucleus, Rt reticular nucleus, FN facial nucleus, pFRG parafacial respiratory group, 4V ventricle, nTS nucleus of the solitary tract, dnmX dorsal motor nucleus of the vagus nerve, Amb ambiguus nucleus, preBötC pre-Bötzinger complex, IO inferior olive, AP area postrema, 10N nucleus of vagus, 12N hypoglossal nucleus. Scale a-e, 1.0 mm; f 500 lm J Physiol Sci (2017) 67: 45-62 49 been identified in other animal species [33] and in humans [34] .
The cells composing the preBötC
Although the preBötC is a region containing rhythmogenic cells, it does not exhibit a distinct nucleus (neuron group). The preBötC contains glutamatergic excitatory [35, 36] and GABAergic and glycinergic inhibitory neurons [37] . All of the neurons in the preBötC are interneurons (i.e., no motoneurons are present). The rhythmogenic neurons in the preBötC have been characterized using anatomical markers, including neurokinin-1 receptor (NK1R), somatostatin (SST), and Dbx1 [32, 36, [38] [39] [40] [41] [42] [43] . Furthermore, using a combination of immunohistochemistry for the detection of NK1R and in situ hybridization for the detection of preprotachykinin A (PPTA), a precursor for substance P (SP) and a ligand for NK1R, we demonstrated the presence of PPTA mRNA-positive and NK1R-immunoreactive neurons that could play important roles in rhythm generation in the preBötC ( Fig. 5a -c).
We recently reported that a subset of astrocytes in the preBötC exhibit respiratory modulating activity [44, 45] . By selectively activating astrocytes in the preBötC with an optogenetic technique, we could trigger bursting of inspiratory neurons in the preBötC, which indicates excitatory connection from astrocytes to inspiratory neurons in this rhythmogenic kernel [44] . These findings led us analyze the anatomical arrangement of neurons and astrocytes in the preBötC. We revealed that neurons and astrocytes are intimately located in the preBötC (Fig. 6 ) and that the astrocytic processes exhibit contact with SSTergic neurons (data not shown), which is also in agreement with our physiological report that astrocytes and rhythmogenic neurons are functionally coupled in the preBötC [44] . The role of preBötC astrocytes in respiratory rhythmogenesis could be active and should be further investigated in the future (also see Sect. 3).
Neuronal projection to the preBötC neurons
Neurons in the preBötC are functionally coupled with other respiratory-related regions in the brainstem. To investigate the anatomical connections, we conducted retrograde and anterograde tract tracing, and revealed that the NK1R-and SST-immunoreactive neurons in the preBötC regions receive axon terminals from the contralateral preBötC. The axon terminals from the preBötC make asymmetrical, putative excitatory, synaptic contact with the NK1R-immunoreactive neurons in the contralateral preBötC [36] . We also combined retrograde tracing by injecting fluorogold into the unilateral preBötC with in situ hybridization to detect PPTA, and demonstrated that the putative rhythmogenic PPTA mRNA-positive neurons in the preBötC project to the contralateral preBötC ( Fig. 5d-h ). It has also been reported that SP and enkephalinergic axon terminals form synapses on NK1R-immunoreactive neurons in the preBötC [46] . These findings suggest that the connection between bilateral preBötC neurons, especially SPergic commissural neurons, serves to synchronize the timing of the oscillatory activities in the bilateral preBötC.
Neuronal projection from the preBötC neurons
With respect to projection to other brain stem regions, neurons in the preBötC send axonal fibers to various respiratory-related regions. Tan et al. [47] demonstrated the axonal projection of SSTergic neurons in one side of the preBötC to the bilateral Bötzinger complex, VRG regions caudal to the preBötC, parafacial respiratory group/retrotrapezoid nuclei, parabrachial/Kölliker-Fuse nuclei and periaqueductal gray region. Furthermore, we showed that the neurons in one side of the preBötC region send axonal projections to the bilateral hypoglossal premotor areas, the bilateral hypoglossal motor nuclei and the bilateral nuclei tractus solitarius [36] . However, there are no reports indicating the direct projection from preBötC neurons to either the cerebellum or the spinal cord [48] . In contrast, the putative rhythmogenic neurons in the preBötC receive glutamatergic projections, e.g., from the lateral periaqueductal gray region [49] and the parabrachial nucleus (unpublished observation).
In conclusion, so far, elucidated anatomy of the preBötC suggests that it plays a critically important role in rhythmogenesis among the various respiratory networks, although it is quite probable that multiple respiratory networks distributed throughout the higher and lower brainstem and the high segments (C1-C2) of the spinal cord are interconnected and are together involved in respiratory rhythm generation in the in vivo condition [33] . It is necessary to further investigate the anatomy of the preBötC, including the local connection between astrocytes and neurons, to better understand the physiological and pathophysiological mechanisms of respiratory rhythm generation. 
Functional localization
The pre-Bötzinger complex (preBötC) was discovered as the region that generates respiratory rhythm in neonatal rodent brainstem-spinal cord preparation in vitro. Smith et al. [30] demonstrated that efferent rhythmic respiratory motor activities persist, essentially unchanged, in the spinal ventral roots that serve the phrenic (*C4) and thoracic intercostal nerves, until live coronal sectioning by a vibratome from the rostral end of the brainstem encroached on the rostrocaudal level near the rostral-most hypoglossal (XII) nerve rootlet exit (see Sect. 2 for more detailed anatomy). This level was also crucial when vibratome sectioning was performed from the caudal end of the brainstem (while recording inspiratory motor nerve activities in cranial nerves such as the XII and/or glossopharyngeal nerves). These two-way deletion experiments, combined with electrophysiological recordings [30] , allowed for the respiratory rhythmogenic kernel of the preBötC to be functionally located. Transverse brainstem slice preparations cut at this level maintained a vital rhythm in the XII activities; i.e., the preBötC, XII premotor microcircuits, and its motoneurons, motor axons, and nerve rootlets were miraculously located within the same coronal plane and were captured in a single thin slice. This allowed for the creation of highly reduced, yet functionally complete, breathing slice preparations. In 2014, the first whole slice activity imaging confirmed its localization and the associated regions ( Fig. 7 ; Movie 1) [36] .
The pacemaker neurons and their significance
Extracellular recording has shown that the rhythmic bursting of some preBötC inspiratory neurons can continue after the attenuation of synaptic transmissions with low calcium medium in slices in vitro [50] ; however, neither cellular biophysics nor synchronization mechanisms could have been studied before functional imaging, optical preidentification, and visualized patch-clamp recording were employed [35] . Since the breathing rhythm is bilaterally synchronous, the existence of direct reciprocal connections was hypothesized. This was successfully demonstrated by labeling the preBötC rhythmogenic neurons via their contralaterally projecting axons. Calcium-sensitive dyes injected directly into one side of the preBötC had labeled some contralateral preBötC neurons; however, the signal was mostly static, probably because the vascular uptake and transport had kept the dye isolated from the calciumdynamic cytosolic domains. The microinjection of membrane semipermeable acetoxymethyl ester (AM) dyes around the (hypothetical) axons en passant worked. Within the heterogeneous reticular formation, where no circumscribed nucleus is visible, some of the labeled neurons (flashers) that were restricted to a region that corresponded to the preBötC showed transient fluorescence that was synchronous to XII inspiration. Half of the inspiratory flashers had intrinsic rhythmogenicity (pacemakers) when they were functionally isolated from the rest of the population with an AMPA/KA glutamatergic transmission blocker (CNQX). The yield of pacemakers in other exogenous preidentification experiments that were subsequently performed using NK1R-mediated live fluorescence labeling was 25 % [51] . The pacamakers' burst rate was a monotonic function of their membrane potential [35] until the membrane potential exceeded the oscillatory regime, at which time they became tonically active; the system would then shift into an inspiratory apnea. This was the first cellular mechanism identified that may underlie the system's respiratory rhythm. With tonic (DC) afferent information such as chemoreceptor feedback, it modulates the frequency (FM) of the rhythmic motor drive and thus ventilation. The central homeostatic control was dissected down to the cellular biophysical level.
Persistent sodium conductance (gNaP)
gNaP, in combination with leak conductance, is found to be crucial to the pacemaker inspiratory neuron functions. There are three distinct functions in its rhythmic burst generation. The first is burst formation. Its ''persistence'' is essential to burst generation. The neurons use their N-shaped I-V relationship [52, 53] where, within the negative slope domain, the cell would recursively auto-depolarize into a burst (i.e., a train of action potentials during a depolarization in a 10 -1 -10 0 -s time scale. The burst termination is the second function that is achieved by cumulative high-voltage-sensitive inactivation of gNaP at every action potential through the burst until spike generation is no longer possible. The third is its rhythm determination. It is not their persistency (a hard-to-inactivate nature); it is rather their characteristically slow disinactivation (10 0 -10 1 -s scale recovery from burstinduced inactivation and silence), which is likely to be a determinant of the interburst interval of the pacemaker neurons [54] . This gNaP could be blocked with low concentrations of its blockers [riluzole (5 lM) or tetrodotoxin (5 nM)] when they were precisely microinfused into preBötC in slice preparations, superfused over slice preparations with the caudal cut surface of the preBötC exposed [53] (the rostral side contains bilaterally synchronizing axons [55] ), or transarterially perfused into brainstem spinal cord in situ preparations without rostral structures beyond the preBötC [56] , which would cause the network to become incapable of generating rhythmic inspiration (as well as gasping [57] ).
Leak conductance (gLeak)
While it is referred to as ''leak,'' ligand-gated channel conductances are often ohmic and not voltage gated, and can thus function as a linear gLeak. This includes protonsensitive channels, which may be responsible for the chemosensitivity of the preBötC cells (e.g., TASK channel [58] ). As was predicted theoretically [54] , a quantitative balance of gNaP and gLeak was found to distinguish pacemakers from non-pacemakers (see Fig. 5 of Del Negro et al. [52] ).
Calcium pacemaking
Pacemaking primarily on calcium-gated non-specific cationic conductance (gCAN) has also been suggested [59, 60] . While calcium influxes are not required for gNaPbased pacemaking [61] , gNaP blockers can reproducibly block slice pacemaking, (see gNaP paragraph above), and the termination mechanism for gCAN-based burst is unknown, the contribution of calcium to other types of cell bursting remains possible. 
Inspiration
Instantaneous activity within a preBötC and its COA Fig. 7 Functional connectomics of the preBötC [36] . Panels corresponding to the present paragraphs: functional localization (pan-slice activity mapping); instantaneous activity (dt = 500 ls) and COA (black ball); Single-breath recruitment chaos of the preBötC population; Inter-preBötC tract's action potential conduction under CNQX (Glu-blocked); and Glutamatergic premotor relays (Glu-dependent 
Synaptic synchronization
The glutamatergic synchronization of the pacemaker and other inspiratory neurons is crucial for the inspiratory activity formation at neural population levels. This was demonstrated by an optical simultaneous multi-neuron activity recording using retro-axonal calcium dye labeling [35] . Its dependency on glutamatergic transmission was proven by the desynchronization of the activity of synchronously active inspiratory neurons after the administration of a glutamatergic antagonist (CNQX).
Population recruitment chaos
The single-breath recruitment of the preBötC population dynamics was discovered using high-speed (2 k fps), voltage-sensitive dye imaging (VSDI; see Fig. 8 of Koshiya et al. [36] ). The spatiotemporal location of the instantaneous center of activity ''mass'' (COA) was tracked and reduced to its velocity sequence, which was discovered to be chaotic (i.e., not fully periodic yet deterministic). This chaos at the origin of activity may underlie the respiratory chaos in systems in which the activity is not identically recursive yet deterministic [52, 62] .
The bilaterally synchronizing tract
The inter-preBötC tract was not anatomically distinct but was found to be a functional structure by a pan-slice, highspeed imaging procedure [36] , in which compound action potentials were spatiotemporally tracked from one side of the preBötC during the microstimulation of the other side. The suppression of the recursive autoactivation of the bilateral CNQX population was used to unveil the one-shot traffic ( Fig. 7 Glu-blocked and Movie 2b; also see Fig. 7 of Koshiya et al. [36] ). To the best of our knowledge, this was the first and remains the only visualization of compound action potential conduction through the brain tract of vertebrates, which is different from general activity propagation where rapid dynamics such as return of activity to the baseline are not observed (Movie 2).
Premotor synaptic cascades
Glutamatergic premotor relays were demonstrated in the full network configurations from one side of the preBötC to the bilateral XII motor nuclei using movie subtraction: Fig. 7 Control and Glu-blocked; Movie 2ab) where CNQX-insensitive (thus glutamatergic) depolarization was extracted through premotor areas (Fig. 7 Glu-dependent; Movie 2c). Premotor neurons have been found between the preBötC and XII areas [63] . The study located the areas that were wholly synaptically involved, including the contralateral premotor areas [36] .
Non-glutamatergic populations
Non-glutamatergic cells in the preBötC include inhibitory neurons (GABAergic and glycinergic, ( [37] , [55] ; see Sect. 2 for other phenotypes). There were no inhibitory bursters [55] (the contradictory study [64] could have shown loss of either periodic synaptic drives [32, 52] or multi-cell synchrony [32] ) and the kernel rhythm persisted after the inhibitory transmission blockade [65] . They may shape and/or tune the inspiratory activities in vitro. Some of the astrocytes in the preBötC also showed calcium transients during inspiration [44] ; occasionally with a pre-inspiratory rise. While some remained oscillatory after TTX, they lost synchrony and their individual rhythms slowed by an order of magnitude. Their burst timings had therefore been set by the neurons. The biophysical interactions between the inspiratory neurons and the inspiratory astrocytes are yet to be determined.
The relevance to the field of physiology
The preBötC is the only population oscillator in the mammalian motor center, where the rhythmogenic mechanisms have been demonstrated at the cellular biophysics and neural population levels if not yet fully. These wideranging and convergent investigational approaches may inspire other motor center studies.
Section 4:
The structure and function of the respiratory neuronal circuits of the high cervical spinal cord (Y. Oku)
The localization and connectivity of the cervical respiratory neurons
The localization and the synaptic connections of the spinal respiratory neurons were extensively investigated in the late 1980s and early 1990s. It was motivated by the hypothesis that the net depolarization provided by the monosynaptic bulbospinal projections from medullary inspiratory neurons only accounted for a small fraction of the total amount that would be necessary for phrenic or intercostal motoneuronal discharge [66] , which implies the existence of interneurons that relay the medullary respiratory drive to spinal motoneurons. Lipski and Duffin [67] demonstrated the presence of a longitudinal column of inspiratory neurons extending from the caudal nucleus retroambigualis to the rostral segment of the C3 in cats. These upper cervical inspiratory neurons (UCINs) were located around the intermediate zone (lamina VII) of the gray matter, and projected into the vicinity of the phrenic and intercostal motoneurons [67, 68] . Nakazono and Aoki [69] demonstrated that UCINs have excitatory mono-or paucisynaptic connections with the ipsilateral phrenic motoneurons, supporting the hypothesis that UCINs function as a propriospinal respiratory system, similarly to a propriospinal locomotor system [70] . Palisses et al. [71] reported a different inspiratory interneuron pool at the C3-C6 spinal cord levels, approximately 500 lm dorsal to the phrenic motor nucleus.
The rhythmogenesis of the cervical respiratory neuronal circuits
Animals spinalized at the C1-C2 levels generate spontaneous rhythmic phrenic activity [72] [73] [74] . In 1977, Coglianese et al. [73] observed spontaneous rhythmic phrenic nerve activity in C1-C2 spinalized non-paralyzed dogs following the administration of a respiratory stimulant, doxapram hydrochloride. A few years later, Aoki et al. [72] observed the temporary recovery of periodic phrenic motoneuron activity, approximately 1 h after spinomedullary transection in cats. However, since the administration of a neuromuscular transmission blocking agent, curare abolishes phrenic activity, respiratory rhythmicity is thought to be supported by feedback inputs from cutaneous and chest wall proprioceptors. Viala et al. [74] observed synchronous short-lasting and long-lasting rhythmic bursts on the phrenic nerves after C2 level spinal transection in curarized and vagotomized rabbits after the administration of DOPA in combination with a monoamine oxidase inhibitor, nialamide. They suggested that short-lasting bursts are driven by the forelimb and hindlimb locomotion generator, whereas long-lasting bursts are driven by the spinal respiratory rhythm generator because they are enhanced by hypercapnia independently from the locomotor bursts. Similar long-lasting synchronous respiratory activity of a spinal origin can be recorded in the in vitro brainstem spinal cord preparation from rats by the pharmacological activation of deep diethyl ether anesthesia [75] . This long-lasting spinal respiratory activity was found to coexist with the medullary respiratory activity, and persist after C1 spinal transection. Based on the transection experiments, the authors concluded that the spinal respiratory rhythm generator is located in the C4 and C6 spinal segments. However, in a later analysis [76] , it was revealed that the long-lasting activity was exclusively recorded from cervical ventral roots and never observed in the cranial or phrenic nerves. Moreover, only non-respiratory motoneurons exhibited rhythmic depolarization in phase with the long-lasting bursts. Thus, it is unlikely that the long-lasting activity is involved in respiratory function. Recently, Kobayashi et al. [77] demonstrated that C1/C2 spinal slices from neonatal mice are capable of generating rhythmic bursts. Spontaneous burst activity in the C1/C2 ventral roots occurred shortly (approximately 30 min) after transection and remained stable in the cervical slice for approximately 30 min and gradually deteriorated to cessation in 1-2 h.
Revisiting the cervical respiratory neurons
Optical imaging using voltage-sensitive dyes led to the discoveries of novel respiratory regions: the parafacial respiratory group [78] and the high cervical respiratory group (HCRG) in the spinal cord [79] . The HCRG is distinct from the UCIN because it is located in the ventral portion of the ventral horn at the level of the spinomedullary junction with the C2 segment. The HCRG consists of interneurons and motoneurons, which are responsive to both respiratory and metabolic acidosis, suggesting that it forms a propriospinal respiratory neuronal network [80] . The discovery of the HCRG motivated the re-examination of the role of the spinal cord in respiratory rhythmogenesis. Jones et al. [81] recorded phrenic (PNA) and hypoglossal (HNA) nerve activity in perfused brainstem preparation from rats to examine the effects of the transverse sectioning of the high spinal cord. Transverse transections at the pyramidal decussation not only immediately abolished PNA but also resulted in a progressive decline in the HNA amplitude and rhythm. Transverse transections at the first cervical spinal segment level did not abolish HNA rhythmicity. These results indicate the importance of the structures at the spinomedullary junction in eupneic respiration. In the current concept, eupnea, which is defined by a breathing pattern of inspiration, post-inspiration, and expiration, requires the integrity of the pontine-medullary respiratory network [56] . The essential structures for eupneic breathing have been hypothesized to extend from the pons to the pre-Bötzinger complex; structures caudal to the obex are thought to be unnecessary for eupneic breathing. However, the observation of Jones et al. [81] contradicts the current concept of the genesis of eupnea.
Respiratory regeneration after spinal cord injury
In vivo and in vitro observations suggest that the spinal center of respiratory rhythm generation takes 1-12 h to activate after intervention [72, 73, 77] . This may suggest that a certain recovery time is necessary for the network plasticity to reorganize the spinal respiratory neuronal circuits after injury. The propriospinal respiratory network may compensate for functional deficits by either activating auxiliary pathways or by serving as a backup respiratory rhythm generator. With the help of these backup mechanisms, endogenous sprouting or synaptogenesis would be able to repair the injured pathway to restore function. Indeed, the photoactivation of channelrhodopsin in the motoneurons, glia, and spinal interneurons at the level of the phrenic motor nucleus was able to functionally restore hemi-diaphragm activity 4 days after C2 hemisection [82] . After cervical spinal cord injury, chondroitin sulfate proteoglycans around the phrenic motor neurons are involved in the upregulation of the perineuronal net. The digestion of these potently inhibitory extracellular matrix molecules with Chondroitinase ABC (ChABC) promotes the plasticity of the spared tracts and restores activity to the paralyzed diaphragm [83] . The implantation of an autologous peripheral nerve graft (PNG), in combination with the addition of ChABC, allows for additional axonal regeneration through the PNG, leading to recovery from impaired function [83] . The transection of the PNG after recovery caused an unusual increase in tonic EMG activity, which would have originated from the activity of propriospinal neurons that innervate the motor neurons. These results suggest that propriospinal neurons, which are recruited by regenerating axons, play an important role in circuit reorganization.
In conclusion, although the high spinal cord is not the site of the primary respiratory rhythm generator, it is involved in shaping eupneic breathing patterns, and in the event of injury, it recruits auxiliary pathways for circuit repair and reorganization, and may even exert as a backup respiratory rhythm generator. Thus, the respiratory neuronal circuits of the high cervical spinal cord are a vital constituent of the respiratory network.
Section 5: The involvement of spinal interneurons in the generation of the rostrocaudal gradient of intercostal inspiratory motor activity (M. Iizuka)
Respiration involves a complex pattern of movements for which numerous motoneurons distributed along the spinal cord need to fire in the proper spatial and temporal sequences. A number of studies involving electrical recordings from intercostal muscles or nerves in anesthetized cats [84, 85] , decerebrated cats [86] , anesthetized dogs [87, 88] , and humans [89] , have shown that the external intercostal muscles, or their nerve filaments, are active during inspiration, and that the inspiratory activities in the rostral interspaces are stronger than those in the caudal interspaces (see De Troyer et al. [90] for review). Similarly, the parasternal region of each of the interchondral internal intercostal muscles (the so-called parasternal intercostals) is active during the inspiratory phase, and muscles in the rostral interspaces show stronger activities than muscles in the caudal interspaces in anesthetized dogs and awake humans [91, 92] . Deafferentation of the rib-cage does not affect the rostrocaudal gradient of the inspiratory motor activity in the parasternal intercostals [91] . Similarly, in isolated brainstem-spinal cord preparations from the neonatal rat, which has no afferent feedback, the inspiratory activities in the more rostral thoracic ventral root were found to be larger than those in the caudal thoracic ventral root [93] . These studies suggest that the central respiratory networks organize this basic spatial and temporal pattern for respiration.
A histochemical study in the cat demonstrated that the composition of fiber types in the parasternal intercostals is similar between the thoracic spinal segments, suggesting the mean and dispersion of the size of the parasternal intercostal motoneuron are similar between the segments [80] . The external intercostals in the rostral thoracic segments have a larger ratio of the slow-twitch oxidative type to the fast-twitch types [80] , suggesting that the mean size of the external intercostal motoneurons shifts to smaller in the more rostral segments. In the hindlimb muscle, although the soma size of the slow-twitch oxidative motor unit tended to be smaller than that of the fast-twitch motor unit, the sizes were largely overlapped [94] . At present, the size and number of inspiratory motoneurons in each segment of the thoracic spinal cord have not been studied in detail. In the following, we assumed that the inspiratory motoneurons are uniformly distributed along the thoracic spinal cord, and discussed how the central respiratory networks organize the rostrocaudal gradient of intercostal inspiratory motor activity.
The possibilities were roughly divided into two: the spinal interneurons are involved or they are not. In cases where the spinal interneurons are not involved, the bulbospinal inspiratory neurons and motoneurons organize the rostrocaudal gradient. Three ways would be possible. The first is the excitatory bulbospinal neurons project richly to the inspiratory motoneurons in the rostral segments of the thoracic spinal cord (Fig. 8a) . The second is the synapses from the excitatory bulbospinal neurons to the more rostral inspiratory motoneurons terminate on the more soma side, and evoke a larger excitatory postsynaptic potential. The third is that the motoneurons in the rostral thoracic cord have a lower threshold than the motoneurons in the caudal thoracic cord. These three ways as described above are not exclusive to each other.
It is well documented that the bulbospinal neurons provide monosynaptic inputs to the intercostal motoneurons [66, 95, 96] . Thus far, all of the detected monosynaptic connections have been excitatory. Although Davies et al. [66] showed that external intercostal inspiratory activity was directly relevant to the rostrocaudal gradient, they provided no evidence to suggest that the inspiratory bulbospinal neurons have systematic patterns of connections to different segments. Thus, the first and second ways mentioned above would be unlikely. Related to the third way, to the best of our knowledge, no studies have shown any differences in the membrane potentials or thresholds of the motoneurons in different thoracic segments. In summary, it is unlikely that the rostrocaudal gradient is organized entirely by the bulbospinal neurons and motoneurons.
Extracellular and intracellular recordings have shown that many thoracic interneurons have respiratory activity [97] [98] [99] [100] . The interneurons that project to the thoracic ventral horn are mainly distributed in the contralateral medial ventral horn in the same spinal segment [99] . Morphological studies of the thoracic respiratory interneurons have shown the terminations of their collaterals are located in the ventral horn or the intermediate area [100] . In all of these electrophysiological studies, however, the recordings were obtained from restrictive thoracic segments, and it is impossible to know the rostrocaudal distribution of the inspiratory interneurons. Using a voltage-sensitive dye, Iizuka et al. [101] demonstrated that the interneuron area of the ventral surface of the spinal cord at the more rostral thoracic segments showed larger depolarizing optical signals during the inspiratory phase (Fig. 9e) . This implies that the number of inspiratory interneurons is larger in the more rostral thoracic segments and/or that the inspiratory excitatory postsynaptic potentials are larger in the interneurons that are positioned at the more rostral segments.
Regarding the contribution of these inspiratory interneurons in the rostrocaudal gradient of the inspiratory motor activity, a simple hypothesis is that these interneurons are excitatory and that they directly or indirectly provide excitatory synaptic inputs to the inspiratory motoneurons at their adjacent segments (Fig. 8b) . However, one of the major characteristics of the thoracic respiratory interneurons is that many of them have an axon [101] . Many of the thoracic respiratory interneurons had an axon descending a few segments, which would be inhibitory [97, 100] . Based on these studies, it is possible that the inhibitory synaptic inputs to motoneurons gradually increase to reach the caudal segments (d). In order for the motoneurons to be activated during the inspiratory phase, it is necessary to receive excitatory synaptic inputs (c). Thus, in this model, the combination of inhibitory and excitatory synaptic inputs to motoneurons forms the rostrocaudal gradient of the thoracic inspiratory motor activity Fig. 8 The possible neuronal mechanisms underlying the organizing pattern wherein the inspiratory motor activities in the rostral thoracic segments are larger than those in the caudal thoracic segments. a The pattern is organized at the level of medulla where descending neurons exist. The descending neurons project richly to the motoneurons positioned at more rostral thoracic cord. b An example showing that the pattern is organized at the level of the spinal cord. In this example, the number of inspiratory excitatory interneurons is larger than that in the rostral segments, and these neurons amplify the excitatory inputs to the motoneurons in the rostral segments J Physiol Sci (2017) 67: 45-62 57 projecting to the contralateral side and descending a few segments [97, 100] . Extracellular recordings from the respiratory interneurons in this area and spike-triggered averaging were used to examine the existence of focal synaptic potentials in the contralateral thoracic ventral horn [98, 99] . When the firing of the strongly modulated phasic inspiratory or expiratory interneurons was used as a trigger, the focal synaptic potentials that were obtained were positive in most cases; thus, these interneurons would be inhibitory [99] . The same study showed that weakly modulated tonic respiratory interneurons would be excitatory, but that their field potentials were generally small. Taken together, these findings suggest that the inhibitory inspiratory interneurons are involved in the generation of the rostrocaudal gradient of inspiratory motor activity. If this is the case, it is possible that the inspiratory inhibitory interneurons in the rostral thoracic segments project their axons to the caudal thoracic segments, and form a gradient that is the inverse of the inhibitory synaptic inputs to the motoneurons. Thus, the inhibitory synaptic inputs to the motoneurons are larger in the motoneurons that are positioned at the more caudal thoracic segments (Fig. 9 ). Intracellular recordings from the thoracic motoneurons of the rat have shown that some motoneurons receive a complex combination of excitatory and inhibitory synaptic inputs in the same respiratory phase [102] . Further study to examine whether the inspiratory motoneurons that are positioned at the more caudal thoracic segments receive larger inhibitory synaptic inputs during the inspiratory phase is necessary to confirm the possibility shown in Fig. 9 .
In conclusion, the central respiratory networks organize the rostrocaudal gradient of the intercostal inspiratory motor activity. It seemed that the spinal inspiratory interneurons are involved in the generation of the rostrocaudal gradient. Since these neuronal mechanisms are kept intact in isolated brainstem-spinal cord preparations from the neonatal rat [88, 95] , this in vitro preparation would be an excellent experimental model to examine the involvement of the spinal interneurons.
Section 6: The functional involvement of the pons in the respiratory control mechanisms (H.
Onimaru & H. Koizumi)
The pons, which is traditionally referred to as the pneumotaxic center [103] , is known to be critically involved in the control of respiration; however, its functional role in respiratory rhythm and pattern generation has not been fully established. The pontine respiratory regions include the Kölliker-Fuse nucleus (KF) and the parabrachial complex (PB) in the dorsolateral pons, which are assumed to be the most important regions in the regulation of respiratory activity and respiratory phase transition [104] [105] [106] [107] , as well as several areas in the ventrolateral pons. These pontine structures interact with multiple medullary respiratory centers and regulate respiratory activity [104] . For instance, the A5 noradrenergic neurons are presumed to send inhibitory synaptic inputs to the respiratory rhythm generators in the medulla [108, 109] . Moreover, it has been demonstrated that the neurons of the locus coeruleus receive synaptic inhibition from respiratory neurons [110, 111] , and that the electrical stimulation of the PB causes the termination of the inspiratory burst discharge and respiratory phase transition [105] . In a previous optical recording study in en bloc preparation from newborn rats, strong respiratory activity was found to be present in the KF region [112] . Respiratory activity, although weaker than that in the KF region, was also detected in the PB region. In addition, whole-cell recordings demonstrated that several types of respiratory-related neurons were located in the KF [105, 112] . In experiments using perfused brainstem preparation from juvenile rats, the KF was shown to primarily gate the respiratory motor activity of the cranial nerves innervating the laryngeal adductor and tongue muscles and the KF is thought to have a physiological role in the coordination of sequential pharyngeal swallowing with respiration [106, 107, 113] .
In the newborn brainstem-spinal cord preparation from newborn rats, the medulla (without the pons), was capable of generating a three-or four-phase respiratory pattern: pre-I, inspiratory, post-I and late E [9, 114, 115] . On the other hand, in in situ arterially perfused brainstem-spinal cord preparation from adult rats, the pontine structures are necessary for the generation of the normal three-phase respiratory pattern: inspiratory, post-I, and late E [56] , similar to that which is recorded in vivo [57, 116] . A series of sequential rostrocaudal microtransections through the brainstem demonstrated the dynamics of the transformation/reorganization of the pontine-medullary respiratory network [56] . The three-phase rhythm was only detected in the intact preparation, whereas two-phase rhythm without the post-I phase emerged after the removal of the pons. These results, along with those of previous studies, suggest that the inputs from the pontine circuits shape the respiratory pattern through the activation of the post-I neurons and the inspiratory off-switch mechanisms [105, 106] .
In conclusion, although different types of experimental preparations showed the various motor output patterns of respiratory activity, recent studies have demonstrated the significant roles of the pons in the formation of respiratory burst patterns and in the control of respiratory phase transitions and respiratory reflexes [56, [117] [118] [119] [120] . We propose that the pons, interacting with the medullary respiratory circuits, has important roles in controlling the various physiological and pathophysiological respiration-related behaviors.
Conclusions
The understanding of the physiological and anatomical mechanisms underlying respiratory control has been achieved through the development of various technologies. In addition to electrophysiological analyses, optical imaging studies have facilitated the discovery of most of the regions in the lower brainstem and spinal cord that are involved in respiratory rhythm and pattern formation. The genetic approach has also revealed the neurophysiological and neuroanatomical mechanisms. Medullary respiratory rhythm generators pFRG and preBötC are described in both anatomy and physiology. The primary rhythms are modulated by various regions in the brainstem including the pons. The respiratory motor activities are then formed through premotor and motor-efferent networks including interneurons in the brainstem and spinal cord. The upper cervical spinal cord is involved in shaping eupneic breathing patterns. We believe that our current knowledge heralds the promise of further advances in the understanding of the integration of the respiratory control mechanisms in the pons, medulla, and spinal cord.
